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n The purpose of t h i s  note is t o  
even t s  i n  the e a r l y  phase of the s o l a r  system by br inging  
together s e v e r a l  r ecen t  theories i n  d i f f e r e n t  f i e l d s  of l earn ing ,  
F i r s t  w e  show t h a t  t h e s e  theo r i e s  a r e  mutually sa lu t a ry .  
when w e  put them toge the r ,  a reasonably c l e a r  p i c t u r e  of t h e  
formation of t h e  p lane tary  system emerges. 
I n  a r ecen t  i n v e s t i g a t i o n  by Fowler, Greenstein and 
Hoyle (1) (21, i t  has been assumed t h a t  t h e r e  was s t r o n g  
magnetic a c t i v i t  s on t h e  sur face  of t h e  primeval sun. The 
l i g h t  elements,  l i th ium,  beryll ium and boron w e r e  then 
produced according t o  them by s p a l l a t i o n  processes  when high- 
energy p a r t i c l e s  (mainly protons),  which had been acce le ra t ed  
b y  t h e  electromagnet ic  force on  t h e  s o l a r  su r f ace ,  bombarded 
t h e  dense m a t e r i a l  i n  t h e  s o l a r  nebula. Furthermore, t h e y  
have concluded from observed f a c t  t h a t  a t  the  t i m e  of being 
_,bombarded the planetesimals  i n  t h e  s o l a r  nebula must be on 
the  average of 12 meters i n  r a d i u s  i f  the i r  shape was sphe r i ca l .  
Thus, 
Y 
I n  t h e  meantime Hayashi (3) (4) has shown t h a t  t he  pre- 
main sequence s t a r s  m u s t  be i n  a convect ive equi l ibr ium, H e  
and h i s  a s s o c i a t e s  have ca l cu la t ed  evolu t ionary  t r a c k s  i n  
t he  H-R diagram f o r  these s t a r s  of s e v e r a l  masses inc luding  
the  s o l a r  mass. Thei r  r e s u l t s  d i f f e r  from the previous model 
based on t h e  r a d i a t i v e  equi l ibr ium ( 5 )  ( 6 )  by the high 
luminos i t i e s  i n  the e a r l y  phase of t h e  evolu t ion  before the  
main sequence . 
a s  regards  t h e  consis tency between Fowler's and Hayashi's 
t heo ry  has been r a i s e d ,  because i n  Fowler's theory ,  it is 
requ i r ed  t h a t  the  temperature i n  the  s o l a r  nebula m u s t  be l o w  -- 
a requirement t h a t  appears t o  con t r ad ic t  t h e  high luminosity 
I n  a paper by Faulkner,  G r i f f i t h s  and Hoyle (71, a ques t ion  
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obta ined  by Hayashi. However, i n  a recent a r t i c l e  ( 8 )  w e  
have argued t h a t  t h e  temperature n the  s o l a r  nebula can be 
low even when the luminosity of the primeval sun is high i f  
t h e  s o l a r  nebula is opaque enough i n  the d i r e c t i o n s  i n  t h e  
plane of d i s k  (9) (10). Since t h e  charged p a r t i c l e s  which 
follow t h e  magnetic l i n e s  do not necessa r i ly  t r a v e l  i n  t h e  
plane of d i s k ,  t h e  high dens i ty  i n  the  d i s k  does not  prevent 
charged p a r t i c l e s  t o  bombard the  planetesimals  i n  t he  d isk ,  
More r ecen t ly ,  Poveda (11) has presented a theory of 
f l a r e  s t a r s .  The success  of his  theory  f o r  expla in ing  t h e  
l o c a t i o n  of these  s t a r s  i n  t h e  H-R diagram i n d i c a t e s  the  sound 
reasoning  of h i s  arguments. Now, i f  w e  fo l low t h e  same 
reasoning  a s  he does i n  h i s  i n v e s t i g a t i o n  of f l a r e  s t a r s ,  we 
can immediately conclude t h a t  not on ly  Hayashi's theory 
p r e s e n t s  no d i f f i c u l t y  t o  Fowler's theory,  bu t  t h e  t w o  a r e  
mutual ly  conducive. I n  order t o  see t h i s  poin t ,  we have to 
desc r ibe  b r i e f l y  Poveda's theory. 
i n  b r igh tness  (12). They a r e  always dwarfs s t a r s  of l a t e  
s p e c t r a l  types.  It has long been suggested t h a t  t h e  f l a r e  
s t a r s  o b t a i n  t h e i r  v a r i a t i o n s  of l u m i n o s i t y  i n  a s i m i l a r  
manner a s  the s o l a r  f l a r e s  do (13) (14). Since it is gene ra l ly  
known t h a t  s o l a r  f l a r e s  a r e  a r e s u l t  of magnetic a c t i v i t i e s  
which a r e  i n  t u r n  caused by convective motion and d i f f e r e n t i a l  
r o t a t i o n  (15), Poveda argues t h a t  f l a r e s  must be very a c t i v e  
when s t a r s  a r e  undergoing evolut ion where convection dominates. 
From t h e  c a l c u l a t e d  r e s u l t s  of Hayashi and h i s  a s s o c i a t e s  (41, 
Poveda is a b l e  t o  p l o t  a curve i n  the  H-R diagram on which 
convection s t o p s  t o  be a dominant f a c t o r .  
s t a r s  should a l l  l i e  on t h a t  s i d e  of t h e  curve where convection 
dominates and none on the o t h e r  side. Indeed, t h a t  is just 




The f l a r e  s t a r s  show very  rapid and non-periodic changer 
Thus the f l a r e  . 
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Then w e  have Schatzman's t h e o r y  (16) of braking a x i a l  
r o t a t i o n  of s t a r s  due t o  magnetic a c t i v i t i e s .  Schatzman a l s o  
invokes convective motion i n  the  e a r l y  phase of s t a r s  a s  t h e  
cause f o r  magnetic a c t i v i t i e s  and thereby expla ines  why a x i a l  
r o t a t i o n  of t h e  main-sequence s t a r s  stops a t  about F3 (17). 
I n  t he  case  of t h e  s o l a r  system, it is very d i f f i c u l t  t o  
understand t h e  present  d i s t r i b u t i o n  of a'ngular m o m e n t u m  w i t h  
its high concent ra t ion  i n  major p l ane t s  a s  r ep resen t ing  t h e  
o r i g i n a l  s t a t e .  Schatzman's theory provides an e f f e c t i v e  
mechanism f o r  brak ing  the r o t a t i o n  of t h e  primeval sun. 
and Schatzman's) which p r e d i c t  r e s u l t s  i n  agreement w i t h  
observed f a c t s  and a t  t h e  same t i m e  a l l  c o n s i s t e n t l y  r e q u i r e  
i n t e n s i v e  magnetic a c t i v i t i e s  i n  the primeval sun and one 
theory (Hayashi's) which s a t i s f a c t o r i l y  expla ins  the l o c i  of new 
s t a r s  i n  the H-R diagram and, a t  the same t i m e ,  provides t h e  
c l u e  why t h e r e  should be in t ense  magnetic a c t i v i t i e s .  A l l  
these f o u r  theories not  only p red ic t  observed phenomena but  
a l s o  have s t r o n g  t h e o r e t i c a l  base. Hence, t h e  appearance of 
magnetic a c t i v i t i e s  i n  t h e  primeval sun may be regarded a s  an 
e s t a b l i s h e d  f a c t .  
It  follows t h a t  w e  should inqui re  whether there a r e  
Thus, we have seen  three theories (Fowler's, Poveda's 
indeed  magnetic a c t i v i t i e s  i n  T Tauri  s t a r s  and f l a r e  s t a r s  
t h a t  a r e  now evolving toward the  main sequence. It appears 
t h a t  no such s t a r s  a r e  on t h e  list of magnetic s t a r s  discovered 
by Babcock (18). However, i t  should be noted t h a t  t he  magnetic 
. f i e l d  of a s t a r  has a good chance to be discovered only when 
i t  is sys temat ic  l i k e  t h a t  of a d ipole  f i e ld .  When the 
magnetic a c t i v i t i e s  i n  s t a r s  a r e  c h a o t i c  as a r e  envisaged by 
the previous theories, t h e  l i n e s  of force a r e  oriented a t  
random. Hence, they a r e  d i f f i c u l t  t o  be discovered by po la r i -  
z a t i o n  measurements. 
Hayashi and h i s  a s s o c i a t e s  (4) have given the t i m e  a t  
which t h e  primeval sun stopped to  be completely convective 
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6 t o  be less than 10 years  from the  t i m e  of i ts  i n i t i a l  
condensation and t h e  t i m e  a t  which t h e  "hydrogen burning" 
began t o  be about 25 x 10 years,  If w e  fol low Poveda t h a t  
t h e  s o l a r  su r f ace  a c t i v i t i e s  of  t h e  primeval sun became 
reduced to the present l e v e l  when the  evolut ionary t r a c k  
based on the convective model meets t h a t  of t h e  r a d i a t i v e  
model, the  t i m e  of i n t e n s i v e  magnetic a c t i v i t i e s  proposed 
by Fowler and others would be confined t o  t h e  f i r s t  8 x 10 
yea r s  of the formation of t h e  sys tem.  This  is the  t i m e  t h a t  
has  gene ra l ly  been accepted a s  t h e  g r a v i t a t i o n a l l y  c o n t r a c t i n g  . 
t i m e  of t he  sun (1). If the in t ens ive  magnetic a c t i v i t i e s  
occurred only when the sun was completedly convective,  t h e  
formation of planetesimals  of an average r ad ius  of 12 meters 
must have taken place i n  the first 10 years  a f t e r  t he  sun 
a t t ended  h y d r o s t a t i c  equilibrium. I t  is conceivable t h a t  
the  magnetic a c t i v i t i e s  were more i n t e n s e  a t  t h e  very e a r l y  
s t a g e  when the l u m i n o s i t y  was high and convection complete 
than  a t  l a t e r  s tages .  I f  so, we may indeed expect that  the  
formation of the  planetesimals  occurred i n  t h e  f i r s t  few 10 
years ,  
Another suppor t ing  f a c t  f o r  t h e  shorter t i m e  s c a l e  f o r  
t h e  formation of planetesimals  comes from a recent s tudy  by 
Hunger (19), who claims t h a t  cont ra ry  t o  the  previous under- 
s t a n d i n g  (20) (21), T Taur i  s t a r s  do not r o t a t e  r ap id ly  
because he has found many sha rp  s t e l l a r  l i n e s  i n  three of 
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bel ieved  t o  be due t o  a x i a l  r o t a t i o n  now t o  t h e  blending 
of l i n e s .  It follows from h i s  conclusion t h a t  a x i a l  r o t a t i o n  
has a l ready  been reduced by magnetic brak ing  before  t h e  
evolving s t a r  becomes a T Taur i  s t a r .  
e a r l y  phase of t he  s o l a r  s y s t e m  from the previous and other 
theo r i e s .  
t h a t  ma t t e r ,  any s t a r )  has often been d iv ided  Into two 
s t a g e s :  
We can now recons t ruc t  t h e  sequence of events  i n  t h e  
The e a r l y  phase of evolu t ion  of the sun (or f o r  
(1) the condensing or co l l aps ing  s t a g e  cha rac t e r i zed  
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d b y  hydi*odynamic inf low of matter  and (2) t h e  s t e l l a r  s t a g e  
c h a r a c t e r i z e d  b~ hydros t a t i c  equi l ibr ium.  According t o  r e c e n t  
s t u d i e s  (22) (231, t he  first s t a g e  is c a t a s t r o p h i c  i f  w e  
neglect  t h e  e f f e c t  of angular momentum and magnetic f i e l d .  
Gaustad (23) gives  a t i m e  s c a l e  of 5 x 10 
f r e e - f a l l  f r o m  i n t e r s t e l l a r  d e n s i t i e s  t o  s t e l l a r  cond i t ions ,  
The presence of a n e t  angular  momentum i n  t h e  cloud prolongs 
somewhat t h e  t i m e  of col lapse.  
t h e  average angular  momentum of t h e  e n t i r e  s o l a r  system 
observed a t  p re sen t  we f i n d  t h a t  t h e  effect of  angular  momentum 
on  t h e  t i m e  s c a l e  is s m a l l .  Hence, w e  may t a k e  one h a l f  t o  
one m i l l i o n  yea r s  a s  t h e  t i m e  t h a t  t h e  sun  underwent t h e  
f i r s t  s t a g e .  The t i m e  s c a l e  of t h e  second s t a g e  fo l lows  
r e s u l t s  given by Hayashi and h i s  a s s o c i a t e s  (4). 
The e a r l y  phase of evolu t ion  of t h e  p l ane ta ry  system 
can be d iv ided  i n t o  t w o  corresponding s t a g e s .  The t r a n s i t i o n  
occurred  when t h e  evo lu t ion  of t h e  sun  i tself  w a s  a t  its 
second s t age .  
As masses w e r e  f a l l i n g  i n t o  the protosun,  accumulation 
of mass by direct capture  of non-volat i le  ma t t e r  (24) (25) 
(26) t o  form smal l  l o c a l  condensations f a r  away from t h e  primeval 
sun  took place i n  what may be regarded a s  t h e  primeval s o l a r  
nebula which was then  d i s t r i b u t e d  i n  a s p h e r i c a l  symmetry w i t h  
r e s p e c t  t o  t h e  sun. We may regard it a s  t h e  outermost l a y e r s  
of i n f a l l i n g  m a t e r i a l  a t  l o w  temperatures.  
5 yea r s  f o r  comple$e 
But from a cons ide ra t ion  09 
According t o  a recent i n v e s t i g a t i o n  by Donn and Sea r s  
(271, t h e  p a r t i c l e s  first formed i n  t h e  s o l a r  nebula a r e  
expected t o  be f i l amen t s  and t h i n  p l a t e l e t s  which they  c a l l  
w h i s k e r s .  When t h e  w h i s k e r s  a r e  c o l l e c t e d  together they  
form loose ly  compacted ins tead  of s o l i d l y  packed condensat ions.  
Thus, t h e  condensations i n  t h e  s o l a r  nebula would have a 
s t r u c t u r e  resembling t h e  l i n t - b a l l s  under beds o r  b a l l s  made 
of tumbelweeds t h a t  r o l l  i n  the wind ove r  the p r a i r i e  under 
t h e  f a l l  sky. 
5 -  
Regarding t h e  mass of these  l o c a l  condensations w e  may 
t a k e  t h e  clue from Fowler’s planetesimals  which may be est imated 
from the i r  r a d i i  t o  be lo lo  gm on t h e  average. For va r ious  
reasons,  a dens i ty  of lo” gm/cm3 has o f t e n  been assumed f o r  
t h e  f l a t t e n e d  s o l a r  nebula, With t h i s  dens i ty  the r a t e  of 
growth of condensations by d i r e c t  accumulation of mass can 
be c a l c u l a t e d  (24) (25). It  grows about 1 cm i n  r a d i u s  i n  l& 
t o  30 yea r s ,  independent of t h e  size of t h e  body i t s e l f  (25). 
I n  t he  s p h e r i c a l  d i s t r i b u t i o n  before f l a t t e n i n g , t h e  d e n s i t y  
t o  and t h e  r a t e  of must be less than 10’’ (say 10 
growth would be correspondingly slower. However, it may be 
noted t h a t  the previous r a t e  was obtained (25) by assuming 
t h a t  t h e  accumulating body is s o l i d l y  packed, For the porus 
body the  r a t e  of growth i n  rad ius  is f a s t e r  by  a f a c t o r  
i n v e r s e l y  propor t iona l  t o  t h e  r a t i o  of t h e  over -a l l  dens i ty  
t o  the mass dens i ty  of t h e  porus body. Thus, w e  e s t ima te  
t h e  t i m e  of formation of condensations of mass comparable t o  
Fowler’s planetesimals  t o  be a b u t  10 years.  The formation 
took p lace  when the s o l a r  nebula was s p h e r i c a l  d i s t r i b u t e d ,  
Th i s  t i m e  s c a l e  is cons i s t en t  with t h e  t i m e  s c a l e  of s o l a r  
evolu t ion .  It a l s o  agrees  w i t h  t h e  f a c t  t h a t  t h e  o r b i t s  of 




‘ l o c a l  condensations took place when the s o l a r  nebula w a s  
still  s p h e r i c a l ,  
When s t r o n g  magnetic a c t i v i t i e s  appeared i n  t h e  sun i n  
i ts second s t a g e  of evolu t ion  before reaching the main sequence, 
t h e  t r a n s f e r  of angular  momentum from t h e  sun t o  t h e  s o l a r  
nebula induced i n e v i t a b l y  the co l lapse  of the s o l a r  nebula 
from a s p h e r i c a l  d i s t r i b u t i o n  t o  a d i s k  one. This  marks the 
t r a n s i t i o n  of t h e  evolu t ion  of t h e  s o l a r  nebula from the 
first t o  t h e  second s t age .  Therefore,  the t r a n s i t i o n  from 
t h e  f i r s t  s t a g e  t o  the second s tage  f o r  the  sun and t h a t  for  
the solar nebula are not supposed to occur a t  the same t i m e  
bu t  d i f f e r  by an i n t e r v a l  which covers the t i m e  f o r  developing 
s t r o n g  magnetic f i e l d s  i n  t h e  s u n  from hydrodynamic motion 
and f o r  t r a n s p o r t i n g  angular  momentum outward. 
- 6 -  
I .  
n 
The l o c a l  condensations might be temporar i ly  heated up 
and perhaps m e l t  dur ing the  co l lapse ,  o r  a r a p i d  accumulation 
of mat te r  i n  t h e  process  might f i l l  t h e i r  porus ‘matrix. I n  
any case  the  l o c a l  condensations must have los t  $ h e i r  porus 
na tu re  and became planetesimals  t h a t  Fowler envisaged when 
they  were se t t led  down i n  the r o t a t i n g  d i s k  t o  be-bombarded 
\. 
by high-energy p a r t i c l e s  from t h e  sun. The co l l apse  of the 
s o l a r  nebula f r o m  a s p h e r i c a l  t o  a d i s k  d i s t r i b u t i o n  be ing  
about 100 years  i f  t h e  nebula extended not  f a r  beyond Pluto’s 
o r b i t ,  we  may regard t h a t  these planetesimals  received a l l  
t h e i r  dosage of bombardment when t h e y  w e r e  a l ready i n  the  
r o t a t i n g  d isk .  
Therefore ,  t h e  formation of p lane ts  from t h e  planetesimals  
must have taken place i n  a t i m e  s c a l e  less than t h i s  value.  
By cons ider ing  first direct  capture  and then  g r a v i t a t i o n a l  
a c c r e t i o n ,  Kuiper (25)  has found t h a t  t h i s  t i m e  s c a l e  is 
only ba re ly  enough t o  form plane ts ,  However, we a r e  i n c l i n e d  
t o  sugges t  t h a t  t h e  formation of p l a n e t s  from planetesimals  
may t a k e  a much s h o r t e r  t i m e  t h a n  t h i s ,  
on the f a c t  t h a t  t h e  planetesimals a r e  g r a v i t a t i o n a l l y  unstable .  
One can e a s i l y  v i s u a l i z e  this i n s t a b i l i t y  by  imagining a 
l a r g e  number of planetesimals  f l o a t i n g  i n  space. A s l i g h t  
i n c r e a s e  i n  dens i ty  a t  one point  (due t o  s t a t i s t i c a l  f l u c t u a t i o n s )  
w i l l  e a s i l y  cause a r ap id  inflow of these bodies t o  t h a t  
po in t ,  thereby producing a condensation of the p lane t  size. 
If so, the  t i m e  of formation is simply the  f r e e - f a l l i n g  t i m e .  
Since the free f a l l i n g  s t a r t e d  f r o m  a dens i ty  of 10’’ which 
is more than  10” t i m e s  t h e  i n t e r s t e l l a r  dens i ty ,  t h e  f r ee -  
f a l l i n g  condensation of proto-planets would take  only a few 
years.  
Two p o i n t s  should be noted here however. F i r s t ,  t h i s  
k ind  of g r a v i t a t i o n a l  i n s t a b i l i t y  is not  what is known a s  Jeans 
i n s t a b i l i t y  which a p p l i e s  t o  a gaseous medium (28). 
v 
8 The s o l a r  nebula has a l i f e  t i m e  of 2 x 10 years  (25). 
Our reasoning rests 
Secondly, 
- 7 -  
1 .  .-A 
the presen t  i n s t a b i l i t y  would be damped when gas  and dus t  a r e  
p r e s e n t  together  w i t h  p lanetesimals .  Therefore ,  it m i g h t  t ake  
a longer  t i m e  t o  form major p lane ts .  I n  any case ,  i t  is ve ry  
l i k e l y  t h a t  when t h e  sun  reached the  main sequence s t a g e  (i.e.,  
when energy d i s s i p a t e d  is completely balanced 4y energy 
produced by thermonuclear r e a c t i o n s  of conver t ing  hydrogen 
i n t o  helium), t h e  s o l a r  system was p r a c t i c a l l y  i n  t h e  same 
s t a t e  a s  i t  is now found. 
W e  now propose t h a t  because of t h e  d i f f i c u l t y  of 
t r a n s p o r t i n g  angular  momentum t o  g r e a t  d i s t a n c e s ,  t h e  c o l l a p s e  
of t h e  s o l a r  nebula i n t o  a d i sk  occurred only i n  the s o l a r .  
neighborhood, perhaps not  f a r  beyond t h e  o r b i t  of Pluto .  
’ Local condensations w i t h i n  t h i s . l i m i t  must a l l  have f a l l e n  
i n t o  t h e  d i s k .  For even i f  they surv ived  t h e  i n i t i a l  c o l l a p s e ,  
t h e i r  l a t e r  c ros s ings  of t h e  d i sk ,  which reduce t h e i r  v e r t i c a l  
v e l o c i t y  component, would force  them t o  follow t h e  gene ra l  
motion of gas and dus t  i n  t h e  d i sk .  
s p h e r i c a l  d i s t r i b u t i o n  t h a t  d i d  not  undergo t h e  c o l l a p s e  
cont inued t h e i r  a c c r e t i o n  of m a t t e r  by direct cap tu re  u n t i l  
t h e  remnant of t h e  s o l a r  nebula was completely d i s s i p a t e d .  
We have mentioned t h a t  a t  t h e  t i m e  of formation of t h e  d i s k ,  
t h e  l o c a l  condensations had a n  average mass of about 10 g m  
each. Fu r the r  a c c r e t i o n  made these condensations t o  reach  
t h e  comet masses of 1015 - 1017 gm each. 
have not  s u f f e r e d  c a t a s t r o p h i c  c o l l a p s e  and have remained f a r  
away from t h e  sun  a l l  t h e  t i m e ,  they maintain t h e  porus n a t u r e  
t ill  today a s  comet n u c l e i  (29). 
The l o c a l  condensations contained i n  t h a t  p a r t  of t h e  
10 
Since these condensat ions 
I t  fo l lows  from the  above cons ide ra t ions  t h a t  comets musthave 
been much more numerous i n  the  e a r l y  days of t h e  s o l a r  system, 
because there was a l a r g e  volume (corresponding t o  t h e  
uncol lapsed po r t ion  of the s o l a r  nebula) which conta ined  t h e s e  
cometary nuc le i .  Gradually,  however, t h e  cometary n u c l e i  were 
per turbed  by p l a n e t s  e i t h e r  t o  t h e  v i c i n i t y  of t h e  sun  and 
were then digintograted or to  large distances f r o m  the SUB and 
- 8 -  
a . .  
were thereby survived. The l a t t e r  forms the  r e s e r v o i r  of 
comets a t  l a r g e  d i s t ances  from t h e  sun from which t h e  present  
observable  comets come a s  a r e s u l t  of s t e l l a r  per turba t ion .  
Except by p u t t i n g  the  o r i g i n a l  formation beyond t h e  o r b i t  of 
J u p i t e r ,  the  present  p i c t u r e  f o l l o w s  what has been proposed 
by O o r t  (30). 
system formed a n a t u r a l  sequence one necessa r i ly  lead ing  t o  
the  next .  Consequently, w e  have now good reasons t o  expect 
t h a t  t h e  ex i s t ence  of plane tary  systems around main-sequence 
s t a r s ,  e s p e c i a l l y  of s p e c t r a l  t y p e  l a t e r  thanF5 where a x i a l  
r o t a t i o n  s t o p s ,  must be common i n  t h e  universe  a s  has been 
h e u r i s t i c a l l y  suggested before  (31). 
I t  is a p leasure  t o  acknowledge my s i n c e r e  thanks t o  
Dr .  A. Poveda f o r  l e t t i n g  me read h i s  paper before  publ ica t ion .  
It is h i s  paper t h a t  induced me t o  prepare t h i s  note. 
; 
W e  have seen that events i n  the e a r l y  phase of t he  s o l a r  
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